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The severe acute respiratory syndrome coronavirus (SARS-CoV) synthesizes several putative viral envelope 
proteins, including the spike (S), membrane (M), and small envelope (E) glycoproteins. Although these 
proteins likely are essential for viral replication, their specific roles in SARS-CoV entry have not been defined. 
In this report, we show that the SARS-CoV S glycoprotein mediates viral entry through pH-dependent 
endocytosis. Further, we define its cellular tropism and demonstrate that virus transmission occurs through 
cell-mediated transfer by dendritic cells. The S glycoprotein was used successfully to pseudotype replication- 
defective retroviral and lentiviral vectors that readily infected Vero cells as well as primary pulmonary and 
renal epithelial cells from human, nonhuman primate, and, to a lesser extent, feline species. The tropism of this 
reporter virus was similar to that of wild-type, replication-competent SARS-CoV, and binding of purified S to 
susceptible target cells was demonstrated by flow cytometry. Although myeloid dendritic cells were able to 
interact with S and to bind virus, these cells could not be infected by SARS-CoV. However, these cells were able 
to transfer the virus to susceptible target cells through a synapse-like structure. Both cell-mediated infection 
and direct infection were inhibited by anti-S antisera, indicating that strategies directed toward this gene 
product are likely to confer a therapeutic benefit for antiviral drugs or the development of a SARS vaccine. 


Vol. 78, No. 11 


The severe acute respiratory syndrome coronavirus (SARS- 
CoV) is the likely cause of an acute infectious respiratory 
disorder identified in highly lethal outbreaks during the past 
year (10, 18, 21, 32, 40). Infection is characterized by acute 
flu-like symptoms that progress to a severe febrile respiratory 
illness with significant mortality. Coronaviruses, comprising a 
genus of the Coronaviridae family, are enveloped positive- 
strand RNA viruses. In general, coronaviruses cause respira- 
tory and enteric diseases in humans and domestic animals (15, 
20). Two previously known human coronaviruses caused only 
mild upper respiratory infections (15, 20). In contrast, a highly 
pathogenic, severe respiratory disease is caused by the SARS- 
CoV, especially in the elderly (44). Coronaviruses can be di- 
vided into three serologically distinct groups (15). Phylogeneti- 
cally, SARS-CoV is not closely related to any of the three 
groups (26), though it is most similar to the group II corona- 
viruses (33, 36). 

Although the organization of the SARS-CoV genome is 
related to that of animal coronaviruses, its genetic sequence is 
unique, and the structure and function of its gene products are 
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not known. At least 14 open reading frames (ORFs) can be 
identified in its genome (26, 34, 36). Among these, the repli- 
case/transcriptase genes are located in the 5’ portion of the 
genome. At its 3’ end, the four major structural proteins (S, M, 
N, and E) are made through different subgenomic RNAs. 
Based on comparison to animal coronaviruses, three structural 
gene products are predicted to be present on the viral enve- 
lope: the spike (S), membrane (M), and small envelope (E) 
proteins (20, 26, 34). The structure of the SARS-CoV envelope 
differs in some respects from that of other enveloped viruses, 
such as retroviruses and lentiviruses, many of which contain 
one viral envelope protein. 

Envelope or spike proteins from enveloped viruses have 
been used to pseudotype retroviral and lentiviral vectors for 
functional and gene transfer studies (29, 35, 43, 45); however, 
whether coronavirus glycoproteins could pseudotype these vi- 
ruses was unknown. Here we report that replication-defective 
retroviral (Moloney murine leukemia virus) and lentiviral (hu- 
man immunodeficiency virus type 1 [HIV-1]) vectors can be 
pseudotyped with the SARS-CoV S protein, and the properties 
of S related to entry have been defined. Using these pseudovi- 
ruses, we were able to determine the relative contributions of 
SARS-CoV envelope proteins to viral entry and fusion and to 
examine the roles of these different viral envelope gene prod- 
ucts with respect to entry, cell specificity, and potential inhibi- 
tion of viral replication. 
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MATERIALS AND METHODS 


Antibodies, mouse immune serum, and media. A human serum from a recov- 
ered SARS patient was kindly provided by William Bellini (Centers for Disease 
Control and Prevention [CDC], Atlanta, Ga.). Antibodies to CD11c, CD14, 
CD40, CD80, CD86, and HLA-DR were purchased from BD Pharmingen. A 
fluorescein isothiocyanate (FITC)-conjugated mouse antibody against the C- 
terminal His tag was purchased from Invitrogen (Carlsbad, Calif.). Media for 
human primary cell culture were purchased from Cambrex (East Rutherford, 
N.J.). RPMI 1640 medium and Dulbecco’s modified Eagle medium were pur- 
chased from Invitrogen. A mouse immune serum against the SARS-CoV S 
protein was generated by vaccinating 10-week-old BALB/c mice with CMV/R 
plasmid DNA expression vectors, described below, encoding the S protein (mice 
were vaccinated with 25 yg, three times, at 3-week intervals, and were bled after 
2 months). Negative-control antisera were obtained in a similar fashion by 
injecting the same plasmids with no insert. 

Cell lines. Human primary cell lines from renal proximal tubule epithelial cells 
(RPTEC), renal epithelial cells (HRE), renal cortex epithelial cells (HRCE), 
small airway epithelial cells (SAEC), bronchial epithelial cells (NHBE), lung 
fibroblasts (NHLF), lung microvascular endothelial cells (HMVEC-L), umbilical 
vein endothelial cells (HUVEC), microvascular endothelial cells (HMVEC), 
mammary epithelial cells (NHMEC), and keratinocytes (NHEK), as well as 
hepatocytes, were purchased from Cambrex. The following human and animal 
cell lines were purchased from the American Type Culture Collection: ACHN 
(human kidney adenocarcinoma), 293 (human embryonic kidney cells), 786-O 
(human kidney adenocarcinoma), A549 (human lung carcinoma), HeLa (human 
cervical adenocarcinoma), Colo205 (human colon adenocarcinoma), Jurkat (hu- 
man T cells), CEM (human acute lymphoblast leukemia), M8166 (human CD4* 
lymphoid cells), HL60 (human promyelocytic leukemia cells), THP-1 (human 
acute monocytic leukemia), Vero (African green monkey kidney epithelial cells), 
CRFK (cat kidney cortex epithelial cells), OK (opossum kidney cortex epithelial 
cells), M-1 (mouse kidney cortex epithelial cells), FC2.Lu and FC28.lu (cat lung 
fibroblasts), AK-D (cat lung epithelial cells), MLE12 (mouse lung epithelial 
cells), MM14.lu (mouse lung), LA-4 (mouse lung adenoma), LH4 (guinea pig 
lung fibroblasts), and CHL-11 (Chinese hamster lung fibroblasts). Human pe- 
ripheral blood mononuclear cells were prepared from whole blood by Ficoll 
gradient centrifugation. The THP-1, THP-DC-SIGN (THP-1 cells expressing 
human DC-SIGN), and THP-DC-SIGNA35 (THP-1 cells expressing DC-SIGN 
with a 35-amino-acid [35-aa] cytoplasmic domain deleted) cell lines were kindly 
provided by D. R. Littman (19). Human T-cell leukemia cell lines A3R5 (a 
subline of CEM expressing both CCR5 and CXCR4), MT-2 (expressing 
CXCR4), and 293T were gifts from John Mascola. 

Gene synthesis and construction of expression vectors. Genes encoding the 
SARS-CoV S, M, and E proteins were synthesized by using human-preferred 
codons. To synthesize these genes, protein sequences obtained from GenBank 
(SARS-CoV strain Urbani, accession no. AY278741) were reverse translated by 
using human-preferred codons. Sets of 75-bp oligonucleotides with 25-bp over- 
laps covering each fragment were synthesized and gel purified. The oligonucle- 
otides were assembled into DNA fragments by using Pfu Turbo Hotstart DNA 
polymerase (Stratagene, La Jolla, Calif.) at a 50-to-65°C gradient annealing 
temperature. DNA fragments were cloned into the pCR-Blunt II-Topo vector 
(Invitrogen) and sequenced. Clones with the fewest mutations were picked and 
were further corrected by using the QuikChange kit (Stratagene) according to 
the manufacturer’s protocol. Fully corrected DNA fragments for each gene were 
finally cloned into the mammalian expression vector CMV/R-mcs. COOH-ter- 
minal deletion mutants were generated by using the QuikChange kit (Strat- 
agene) and were cloned into the CMV/R-mcs expression vector, which contains 
the cytomegalovirus (CMV) enhancer/promoter and splice donor and the human 
T-cell leukemia virus type 1 R region (W. Akahata, Z.-Y. Yang, and G. J. Nabel, 
unpublished data). These mutants include (i) SACD, in which the cytoplasmic 
domain was truncated (terminated at aa 1229), (ii) SATM2, in which the trans- 
membrane and cytoplasmic domains were deleted (terminated at aa 1190), and 
(iii) SAHR1, in which the transmembrane, cytoplasmic, and heptad-2 domains 
were removed (terminated at aa 1153). For S(1190)-Myc-His, the S protein was 
truncated at aa 1190 to remove the transmembrane and cytoplasmic domains and 
was tagged with a Myc and a His epitope at the COOH-terminus. The expression 
vectors were sequenced on both strands to ensure that each gene was correct and 
were further confirmed by Western blot analysis. 

Purification and differentiation of human mDC. Myeloid dendritic cells 
(mDC) were purified from elutriated monocytes from healthy adult donors by a 
two-step procedure consisting of automated leukapheresis and counterflow cen- 
trifugal elutriation at the Transfusion Medicine Department of the Warren 
Grant Magnuson Clinical Center, National Institutes of Health, Bethesda, Md. 
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(1). mDC were isolated from the elutriated monocyte fraction with negative 
selection by removing cells expressing BDCA-4 and CD9 with microbeads 
(Miltenyi Biotec, Auburn, Calif.), followed by positive selection using antibodies 
to CD1c (Miltenyi Biotec). mDC were then cultured in a medium containing 
granulocyte-macrophage colony-stimulating factor (10 ng/ml; PeproTech) and 
induced to differentiate to mature mDC by using poly(I - C) (50 ng/ml; Sigma, St. 
Louis, Mo.) for 48 h (5). Antibodies to CD11c and CD14 (BD Pharmingen) were 
used to assess the purity of DC, and antibodies to CD40, CD80, CD86, and 
HLA-DR (BD Pharmingen) were used to characterize the differentiation of DC 
by flow cytometry. 

Production of pseudotyped lentiviruses and retroviruses. Recombinant lenti- 
viruses and retroviruses expressing a luciferase reporter gene were produced as 
described previously (17, 29). Briefly, 5 x 10° 293T cells were plated in 10-cm- 
diameter tissue culture dishes the day before transfection. The cells were trans- 
fected the next day by using calcium phosphate reagent (Invitrogen). The 
amount of plasmid DNA used for making different pseudotyped vectors was as 
follows: for lentiviral vectors, 7 wg of PCMVAR8.2 plus 7 wg of pHR’'CMV-Luc 
and either 400 ng of CMV/R-SARS-S or 2 yg of pNGVL-4070A (Ampho); for 
retroviral vectors, 7 wg of pNGVL-GagPol (MLV) plus 7 wg of pLZR-Luc and 
400 ng of CMV/R-SARS-S or 2 xg of pNGVL-4070A (amphotroic MLV gp70), 
respectively. Cells were transfected overnight, washed, and replenished with 
fresh medium. Forty-eight hours later, supernatants were harvested, filtered 
through a 0.45-.m-pore-size syringe filter, and stored in aliquots at —80°C. p24 
levels were measured from different viral stocks (4) by using the Coulter HIV-1 
p24 Antigen Assay kit (Beckman Coulter, Somerset, N.J.). One-tenth the 
amount of plasmids CMV/R-M and CMV/R-E were used with CMV/R-S for 
making combinational pseudoviruses. 

Production of a GFP-Vpr-labeled SARS-CoV S-pseudotyped lentivirus. A 
green fluorescent protein (GFP)-Vpr-labeled SARS-CoV S-pseudotyped lenti- 
virus was produced by transfection of human embryonic kidney 293T cells with 
a pLAI provirus from which env had been deleted (10 wg), CMV/R-SARS-S (1 
wg), and plasmid pEGFP-C3 (Clontech, Palo Alto, Calif.), containing the entire 
Vpr coding region fused to the carboxy terminus of eGFP (GFP-Vpr; 15 wg) 
(27). Cells were washed at 16 to 20 h posttransfection and replenished with fresh 
medium. Forty-eight hours later, supernatants were harvested, filtered through a 
0.45-m-pore-size syringe filter, and concentrated. Briefly, 32 ml of supernatant 
was layered onto 5 ml of Optiprep (Iodoxinal) medium (Invitrogen) and centri- 
fuged at 50,000 x g for 1.5 h with a Surespin 630 rotor (Sorvall, Newtown, 
Conn.). The last 3 ml of supernatant remaining above the Optiprep interface was 
collected and frozen at —80°C in 500-1 aliquots. 

Infection of cells with SARS-CoV and titration of SARS-CoV. Cells in six-well 
dishes were infected with 100 jl of a 1:10 dilution of SARS-CoV strain Urbani 
(10°5 50% tissue culture infective doses/ml; CDC) per well under appropriate 
containment in a BSL3 laboratory. After 1 h of adsorption, the cells were washed 
three times with medium, replenished with 3 ml of fresh medium, and main- 
tained at 37°C in a 5% CO, incubator. Seventy-two hours after infection, 0.5 ml 
of tissue culture medium was harvested and incubated with Vero cells in a 
96-well plate; viral titers in the medium were calculated in 50% tissue culture 
infective doses per milliliter 4 days after infection of Vero cells (38). The viral 
cytopathic effect was determined on days 3 and 4. Mature and immature mDC 
were infected in 96-well plates (10,000 cells/well) with 50 wl of 1:10-diluted viral 
stock and were titered similarly 3 days later. 

Infection of cells with pseudovirus. A total of 30,000 cells were plated into 
each well of a 48-well dish the day before infection. Cells were infected with 150 
ul of viral supernatant for 16 to 18 h for SARS-CoV S-pseudotyped viruses and 
for 3 to 4 h for Ampho Env and Ebola glycoprotein-pseudotyped viruses. The 
viral supernatant was replaced with fresh medium at the end of infection. Forty- 
eight hours after infection, cells were lysed in “mammalian cell lysis buffer” 
(Promega, Madison, Wis.). The same amount of cell lysate was used in a lucif- 
erase assay with “Luciferase assay reagent” (Promega) according to the manu- 
facturer’s suggestions. 

Transfection and Western blot analysis. 293T cells were transfected by using 
calcium phosphate (Invitrogen). Transfected cells were harvested 48 h after 
transfection. Cell lysates were resolved by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to a nitrocellulose membrane (Bio-Rad, 
Hercules, Calif.). The membrane was incubated with convalescent-phase human 
sera from a SARS patient (dilution, 1:2,500; kindly provided by William Bellini 
of the CDC) for 1 h at room temperature in blocking buffer (Tris-buffered saline, 
1% bovine serum albumin, 5% skim milk, 0.3% Tween 20), followed by three 
washes in washing buffer (Tris-buffered saline-0.3% Tween 20). The blot was 
further incubated in blocking buffer with horseradish peroxidase-conjugated 
donkey anti-human immunoglobulin G (IgG) (dilution, 1:5,000; Chemicon, Te- 
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FIG. 1. Infection of Vero cells by S-pseudotyped retroviral and lentiviral vectors. Amphotropic (Ampho), S, and no-envelope control vectors 
were prepared as described in Materials and Methods. Viruses were used at similar multiplicities of infection, standardized by p24 protein levels. Viral 
pseudotypes were prepared by cotransfection of the indicated combinations of S, M, and E (center). 293T cell supernatants were used to infect Vero cell 
lines, and luciferase activity was analyzed as previously described (45). (A) (Left) Infection of the Vero cell line with the S-pseudotyped lentiviral or 
retroviral vector expressing luciferase (42). MLV, murine leukemia virus. (Center) The S glycoprotein, but not the M and E glycoproteins, mediates viral 
entry by the S-pseudotyped lentiviral vector. (Right) (Top) The requirement for the cytoplasmic domain of S was analyzed by generation of pseudotyped 
virus using full-length S proteins (S) or S proteins from which the COOH-terminal end was deleted. (Bottom) Expression of these S variants was 
confirmed by Western blot analysis. (B) pH-dependent entry of SARS-CoV S-pseudotyped lentiviral vectors. Pseudolentiviruses were incubated in the 
presence of increasing amounts of ammonium chloride (left) or bafilomycin (Sigma) (right). The experiment was performed in triplicate. Data are 
presented as the percentage of activity at the indicated dose relative to activity with no drug treatment. GP, glycoprotein. 


mecula, Calif.) for 30 min and then washed four times in washing buffer. Detec- 
tion was performed with the ECL reagent (Amersham, Piscataway, N.J.). 

Cell staining with S(1190)-Myc-His. A 500-ng portion of purified $(1190)- 
Myc-His glycoprotein was incubated with 10° cells in 100 pl of phosphate- 
buffered saline (PBS) containing 2% fetal bovine serum for 20 min on ice and 
then washed once with 1 ml of cold PBS. Each cell line was split into two aliquots, 
which were stained either with an FITC-conjugated mouse anti-His tag mono- 
clonal antibody (dilution, 1:100; Invitrogen) or with an FITC-labeled isotype 
control, followed by flow cytometric analysis. 

Confocal microscopy. mDC (10°) isolated from human elutriated monocytes 
were plated onto a 12-well-dish. Twenty-four to 48 h later, the cells were infected 
with 100 jl of a Vpr-GFP-labeled SARS-CoV S pseudolentivirus for 30 min. 
Cells were washed, detached with trypsin-EDTA, washed again, and added to 
human renal epithelial cells (786-O; 3 x 10* cells/well) plated onto 8-well cov- 
erslip slides (Nalge Nunc, Naperville, Ill.). Sequential images of live cells were 
recorded every 3 min by confocal microscopy (SP2-AOBS; Leica Microsystems), 
and uptake, polarization, and transfer were assessed with representative cells. 

pH-dependent entry of SARS-CoV-S-pseudotyped lentiviral vectors. Vero cells 
were plated in a 48-well-dish (30,000 cells/well) the day before infection. Cells 
were preincubated with the indicated amounts of ammonium chloride or bafilo- 
mycin A (Sigma) for 1 h. Pseudoviruses were mixed with the same concentrations 
of reagents in tubes and added to cells. Eight hours later, viruses were removed 


and replaced with fresh medium. Cells were harvested 48 h after infection, and 
a luciferase assay was performed. 

Cell-mediated transfer of SARS-CoV and the SARS-CoV S pseudotyped len- 
tiviral vector. THP, THP-DC-SIGN, or THP-DC-SIGNA35 (30,000 cells/well) 
was incubated with the SARS-CoV S-pseudotyped lentiviral vector for 2 h and 
then washed three times with tissue culture medium. Cells were then added to Vero, 
A3RS5, or MT2 cells (30,000 cells/well) plated in 24-well dishes. These cells were 
harvested 72 h later for a luciferase assay to assess THP, THP-DC-SIGN, or THP- 
DC-SIGNA35 cell-mediated transfer of pseudovirus to the respective cells. 

To measure the transfer of SARS-CoV by mature mDC and to assess whether 
an anti-SARS-CoV S immune serum can block the transfer of SARS-CoV by mDC, 
mature mDC were incubated with SARS-CoV for 1 h, washed, detached with 
trypsin, and replated onto Vero cells in a 96-well-plate (10,000 cells/well) in the 
presence of a control or an S-specific mouse antiserum (dilution, 1:100). Cell culture 
medium (Dulbecco’s modified Eagle medium-10% FBS) was collected 72 h later, 
and SARS-CoV titers in the cell culture medium were measured as described above. 


RESULTS 


Pseudotyping. SARS-CoV envelope proteins were analyzed 
by cotransfection of expression vectors encoding either the S, 
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FIG. 2. Tropism of a SARS-CoV S-pseudotyped lentiviral vector for human and animal cells and correlation with SARS-CoV infectibility. 
(A) Tropism of a SARS-CoV S pseudolentivirus for different types of human cells. All infections were performed in triplicate. Data are presented 
as averages + standard deviations. Results from one of two independent experiments are shown. (B) Infectibility of renal cells from different 
species. Cells were infected and analyzed in triplicate. Data are presented as averages + standard deviations. Results from one of two independent 
experiments are shown. (C) Infection of selected susceptible and resistant cells from panel A by SARS-CoV strain Urbani, titered as previously 
described (38) on Vero cells. Dashed line indicates the detection limit of infectivity of SARS-CoV. 


M, or E glycoprotein with packaging plasmids for retroviral or 
lentiviral vectors into human 293T cells (17, 29). For compar- 
ison, envelope glycoproteins from amphotropic murine leuke- 
mia virus or Ebola virus (45) were substituted for the SARS- 
CoV envelope proteins. Vero cells, which support SARS-CoV 
replication (18, 32), were initially analyzed as target cells. 
Among the SARS-CoV gene products, only the S protein me- 
diated entry into target cells, and it did so with both murine 


retroviral and human lentiviral vectors (Fig. 1A, left). Because 
both vectors could be pseudotyped with the S glycoprotein, 
further analyses were performed with the lentiviral vector, 
which can transduce and express recombinant genes in nondi- 
viding cells. Neither M nor E alone was able to support viral 
entry in the absence of S, suggesting that these glycoproteins 
serve other functions in the virus. Cotransfection of M together 
with the S glycoprotein inhibited the generation of functional 
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FIG. 3. DC-SIGN-dependent uptake of the SARS-CoV S-pseudotyped lentiviral vector, and cell-mediated transfer and infection of target cells. 


(A) Binding of purified SARS-CoV S glycoprotein to cel 


I lines. A total of 10° African green monkey kidney cells (Vero), human T-cell leukemia 


cells (A3R5 and MT2), or THP-1 myelomonocytic leukemia cells expressing wild-type or mutant forms of DC-SIGN (THP-DC-SIGN or 
THP-DC-SIGNAS5, respectively) were incubated with purified S(1190)-Myc-His glycoprotein for 20 min on ice. Binding of S protein to the cells 


was detected by using an FITC-labeled anti-His (COOH- 


terminal) antibody (blue) (dilution, 1:100; Invitrogen). A FITC-labeled IgG isotype was 


used as a control (red). Data were analyzed by flow cytometry. (B) Direct viral entry (left) and cell-mediated virus transfer (right) of the SARS-CoV 
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lentiviral vector, in contrast to E, which did not alter the 
efficacy of gene transfer (Fig. 1A, center). To confirm the 
specificity of this effect and to demonstrate that full-length S 
was required for gene transfer, deletion mutants of S with 
various COOH-terminal deletions were prepared (Fig. 1A, 
upper right). Although these mutants showed comparable lev- 
els of cellular gene expression, the progressive COOH-termi- 
nal deletions showed markedly lower levels of recombinant 
gene transfer (Fig. 1A, lower and upper right, respectively), 
demonstrating that the cytoplasmic domain of S is required for 
viral entry. 

pH-dependent fusion mediated by the SARS-CoV S protein. 
Viral glycoproteins typically mediate attachment, fusion, and 
entry by one of two mechanisms. Viruses such as HIV or 
murine amphotropic retroviruses infect through a pH-indepen- 
dent cell fusion and entry process (30, 37). In contrast, influ- 
enza and Ebola viruses are prototypes for viruses that utilize a 
pH-dependent endocytotic pathway (43). To determine the 
pathway utilized by the SARS-CoV, the pH dependence of the 
SARS-CoV S-pseudotyped lentiviral vector was analyzed. Ad- 
dition of ammonium chloride, which prevents acidification of 
the endosome, caused a dose-dependent reduction in viral 
entry (Fig. 1B, left) at concentrations similar to those de- 
scribed for other pH-dependent viral glycoproteins (3, 11, 43). 
This effect was also observed with another inhibitor of endo- 
somal acidification, bafilomycin, also in a dose-dependent fash- 
ion (Fig. 1B, right). 

Susceptibilities of human and animal cells to infection. The 
specificity of the SARS-CoV S-pseudotyped virus was analyzed 
by transducing different human cell types, including epithelial, 
endothelial, and hematopoietic cells, and lung and renal cells 
from different species. Like Vero cells, a renal epithelial cell 
line derived from African green monkeys, human renal epithe- 
lial cells (HPTRC, HRE, HRCE, ACHN, and 786-O) were 
highly susceptible to infection compared to a known positive 
control with a broad host range, the 4070A amphotropic mu- 
rine retroviral envelope. Respiratory tract epithelial cells were 
also readily transduced. In contrast, a number of cell types, 
including hepatocytes, lower airway fibroblasts, breast or co- 
lonic epithelial cells, vascular endothelial cells, or hematopoi- 
etic cells, were relatively resistant to transduction (Fig. 2A). 
Interestingly, renal epithelial cell lines from humans, nonhu- 
man primates, and felines, and, to a lesser extent, lung cell lines 
from felines were susceptible to transduction, while similar 
cells from rodents were relatively resistant (Fig. 2B). The spec- 
ificity of pseudotyped-virus transduction in these cell lines was 
confirmed by the susceptibility to infection by SARS-CoV. A 
number of human cell lines, particularly those of renal and 
pulmonary origin, that had not previously been recognized as 
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susceptible to infection by the virus, because they did not show 
cytopathic effect, yielded high titers of virus (Fig. 2C). The 
susceptibilities of these cells to pseudovirus transduction cor- 
related well with their abilities to support SARS-CoV replica- 
tion. It therefore appears that a range of cell types and species 
are susceptible to infection mediated by the SARS-CoV S 
glycoprotein. 

Binding of the SARS-CoV S protein to DC-SIGN. The S 
glycoprotein contains a number of N-linked glycosylation sites, 
which have been shown to affect binding to the DC-SIGN 
receptor on DC. This receptor regulates cell-mediated trans- 
mission for a number of viruses, including HIV, dengue virus, 
and CMV (2, 12, 14, 25, 39). To determine whether the SARS- 
CoV S protein could bind to DC-SIGN, THP-DC-SIGN or 
THP-DC-SIGNA35 (expressing a mutant form of DC-SIGN 
lacking the cytoplasmic domain required for internalization 
and transfer) (19) cells were incubated with purified His- 
tagged S. As expected, binding was readily detected in the 
permissive Vero cells by use of flow cytometry, in contrast to 
two nonpermissive T-cell leukemia cell lines, A3R5 and MT2 
(Fig. 3A), or THP-1 cells lacking DC-SIGN (data not shown). 
In contrast, THP-DC-SIGN and A35 cells interacted with pu- 
rified S glycoprotein (Fig. 3A, right panels), but unlike Vero 
cells, they could not be infected by the S-pseudotyped lentiviral 
vector (Fig. 3B, left). To determine whether DC-SIGN could 
nonetheless promote cell-mediated transfer of virus, the abil- 
ities of these cells to transfer the SARS-CoV S-pseudotyped 
lentiviral vector to Vero cells were analyzed. THP-DC-SIGN 
cells, but not THP or THP-DC-SIGNA35 cells, which are un- 
able to internalize viruses (19), readily transferred virus to 
Vero cells (Fig. 3B, right), indicating that DC-SIGN or a re- 
lated lectin on DC might facilitate cell-mediated transfer of 
virus. Both direct infection and DC-SIGN-mediated transfer 
were inhibited by a SARS-CoV S-specific mouse immune se- 
rum (Fig. 3C), confirming that S was necessary and sufficient 
for infection in both cases. 

Cell-mediated transfer of GFP-Vpr-labeled pseudotyped 
lentivirus by human mDC. To determine whether cell-medi- 
ated transfer could be mediated by primary human DC, 
mature mDC were isolated and incubated with a GFP-Vpr- 
labeled SARS-CoV S-pseudotyped lentivirus (27). A similar 
vector pseudotyped with HIV gp160 was shown to mediate 
the formation of an “infectious synapse” that facilitates HIV 
infection (28), but it was not known whether similar struc- 
tures could be formed by an unrelated virus whose target 
cell is nonlymphoid. mDC were incubated with the virus for 
30 min, trypsinized, and transferred to fresh 786-O human 
renal cell cultures. Initially, the virus was distributed evenly 
throughout the DC (Fig. 4A, uptake), but within minutes, 


S-pseudotyped lentiviral vector from THP-1, THP-DC-SIGN, and THP-DC-SIGNA35 cells. (Left) Susceptibilities of Vero, A3R5, MT2, THP-1, 
THP-DC-SIGN, and THP-DC-SIGNA35 cells to SARS-CoV S-pseudotyped lentiviral vector infection were measured after transduction by use of 
the luciferase reporter. (Right) Cell-mediated pseudoviral transfer by THP-1, THP-DC-SIGN, or THP-DC-SIGNA35 cells (3 < 10*) was also 
assessed by incubating the cells with the SARS-CoV S-pseudotyped lentiviral vector for 2 h at 37°C, followed by three washes before addition of 
the respective cells to the indicated target Vero cells at a 1:1 ratio. Cells were collected 72 h later for luciferase assay. (C) Inhibition of direct 
infection and cell-mediated transfer of SARS-CoV S pseudolentivirus by a mouse anti-SARS-CoV S protein antiserum. (Left) The SARS-CoV 
S-pseudotyped lentiviral vector was exposed to a mouse control or anti-S specific antiserum at the indicated dilutions for 60 min at 37°C before 
being added to Vero cells. (Right) For cell-mediated transfer, THP-DC-SIGN cells were incubated with pseudoviruses as described in the legend 
to panel B, followed by incubation with Vero cells in the presence of a control or anti-SARS-CoV S specific mouse antiserum for 48 h. After 48 h, 


cells were collected for luciferase assays. 
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A. Uptake 


Polarization 


TCIDs9/ml (log) 
TCIDsq/ml (log4o) 


FIG. 4. Uptake and transfer of a GFP-Vpr-labeled SARS-CoV S-pseudotyped lentiviral vector and SARS-CoV by mature human mDC. 
(A) Uptake of a GFP-Vpr-labeled SARS-CoV S-pseudotyped lentiviral vector by mature mDC and subsequent transfer to renal epithelial cells 
by mDC, as detected by confocal microscopy. mDC were infected with a GFP-Vpr-labeled SARS-CoV S-pseudotyped lentivirus for 30 min at 37°C 
and were then added to human renal epithelial cells (786-O; 3 x 10* cells/well, plated 1 day before) in 8-well coverslip slides (Nalge Nunc) at a 
1:1 ratio. Uptake, polarization, and transfer were assessed by confocal microscopy with representative cells. Arrow indicates transfer of labeled 
virus from DC to 786-O cells. (B) Human mature mDC are not directly infected by SARS-CoV (strain Urbani) but instead promote cell-mediated 
infection of susceptible target cells. (Left) Vero cells, immature mDC, or mature mDC were infected with SARS-CoV (strain Urbani) for 1 h in 
96-well-dishes (2 x 10* cells/well), washed three times, and maintained in cell culture medium. (Right) Mature mDC were also infected for 1 h 
with SARS-CoV, washed, detached with trypsin, and replated onto 96-well-dishes with Vero cells (2 x 10* cells/well; 1:1 ratio) in the presence of 
a control or anti-SARS-CoV S specific mouse antiserum at a dilution of 1:100. Cell culture supernatants were collected 72 h later, and viral titers 
were measured as described previously (38). Virus yield is expressed as 50% tissue culture infective doses (TCID,,) per milliliter. Dashed line 
indicates the detection limit of SARS-CoV. 


immunofluorescent foci had begun to form at the site of 
contact with Vero cells (Fig. 4A, polarization). The virus was 
observed to be transferred to the target cells through a structure 
analogous to the “synapse” previously described between mDC 
and lymphoid cells (Fig. 4A, transfer) (28). After transfer, a 
characteristic streak of fluorescence was seen at the site of 


entry, suggesting specific channeling of viral contents into 
cells (Fig. 4A, post-transfer). This effect was seen consis- 
tently and was not caused by tunneling of DC beneath the 
786-O epithelial cell in culture. To confirm that mDC me- 
diate infection by virus, immature and poly(I- C)-treated 
mDC were incubated with SARS-CoV. No direct infection 
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was observed (Fig. 4B, left); however, mature mDC readily 
transferred virus that infected Vero cells (Fig. 4B, right). 
Transfer was inhibited by a specific anti-S mouse antiserum 
(Fig. 4B, right), documenting that cell-mediated transfer of 
SARS-CoV is mediated by mDC and is dependent on the 
interaction of the S glycoprotein with mDC. 


DISCUSSION 


In this study, we have examined the function of the SARS- 
CoV S protein and the contribution of other viral membrane 
proteins to virus fusion and entry. We suggest that, of these 
gene products, the S glycoprotein is necessary and sufficient for 
viral gene delivery. Although the origin of SARS-CoV is un- 
known, recent studies have suggested that it may have been 
transmitted from animals to humans (6, 7, 13). During the 
course of the SARS-CoV epidemic, molecular evolution 
throughout the SARS-CoV genome was detected. In addition 
to mutations in several regions of SARS-CoV, specific changes 
that involved the deletion of a 29-nucleotide region or inser- 
tion of an 82-nucleotide region in ORF8 were observed, and it 
is hypothesized that these changes may have facilitated the 
spread of the disease (7). It is possible that SARS-CoV has 
arisen from recombination between different coronaviruses, 
although the direct antecedents of the present strain are not 
yet defined (15, 20, 33, 36). While SARS-CoV is not closely 
related phylogenetically to any of three previously known sub- 
groups of coronaviruses (26, 33, 34, 36), the recent discovery of 
human ACE2 protein as a cellular receptor that mediated 
SARS-CoV infection (23) suggests a parallel to hCD13 (or 
APN), utilized by the human coronavirus HCoV-229E (16, 23, 
46); both ACE2 and hCD13 are peptidases. 

The present study demonstrates that retroviral and lentiviral 
vectors can be pseudotyped with the SARS-CoV S protein. Using 
the pseudoviruses, we were able to demonstrate that S protein 
alone is necessary and sufficient for mediating viral attachment 
and entry. The cytoplasmic domain of the S protein is also re- 
quired for viral entry. Interestingly, cotransfection of an M ex- 
pression vector with S inhibited pseudovirus entry, indicating that 
an M-S interaction, as described for other coronaviruses (9, 24), 
might prevent S incorporation into the lentivirus virion. SARS- 
CoV S mediates viral entry in a pH-dependent manner, like 
Ebola virus and vesicular stomatitis virus (41, 43), suggesting that 
the S glycoprotein contains two structures predicted to be helical 
coiled-coils, analogous to those that have been described for 
avian, murine, and human enveloped viruses (11). 

The tropism of SARS-CoV was studied by transducing or 
infecting different human and animal cell lines with SARS- 
CoV S pseudoviruses or SARS-CoV, respectively. Transduc- 
tion of these cells by pseudovirions correlated well with their 
ability to support SARS-CoV replication. The infectibility of 
human respiratory tract cells, e.g., SAEC or NHBE (Fig. 2A 
and C) by SARS-CoV-S pseudovirions also correlates well with 
the primary clinical finding for this disease (10, 18). The sus- 
ceptibility of human renal epithelial cells suggests that other 
cell types may contribute to the pathogenesis of SARS-CoV 
infection. This finding could explain the isolation of SARS- 
CoV from kidney tissue of a SARS patient (18) and the high 
incidence of acute renal failure requiring continuous dialysis in 
a cohort of critically ill SARS patients in Singapore (22). 
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Although envelope glycoproteins of coronaviruses have not 
been shown previously to pseudotype unrelated viruses, such as 
retroviral or lentiviral vectors, the findings here suggest that the S 
glycoprotein of the SARS-CoV is fusion competent and able to 
function in viral entry through a pH-dependent mechanism. Im- 
mune antisera from mice or convalescent patients can inactivate 
this function of S, suggesting that this approach may be used to 
screen for neutralizing antibodies without the use of live, infec- 
tious virus. It is noteworthy that such antibody intervention would 
be best able to contain viral infection, with concomitant genera- 
tion of cell-mediated immunity. Previous studies using animal 
coronaviruses have suggested that antibody responses, in the ab- 
sence of cell-mediated immunity, either temporarily contain (15) 
or in some cases may exacerbate (8, 31) infection, though there is 
no evidence to date that antibody-dependent enhancement oc- 
curs in SARS-CoV infection. This study has shown that in vitro 
neutralization can be achieved with antibodies and provides en- 
couragement for immune therapy. 

The recognition in this study that DC can take up SARS- 
CoV and transfer it to susceptible target cells has important 
implications for the pathogenesis of SARS-CoV in vivo. These 
cells can serve as a reservoir that may provide more-continuous 
exposure to the virus and contribute to the persistence and 
chronicity of infection. They could also affect antigen presen- 
tation and antibody-dependent clearance of SARS-CoV. The 
finding that mDC can promote cell-mediated transfer of virus 
could theoretically pose a barrier to effective neutralization by 
antibodies, but the findings reported here suggest that mDC- 
associated virus remains susceptible to neutralization. This study 
thus provides insight into the mechanism of viral entry, reveals a 
previously unrecognized mode of dissemination, and demon- 
strates that the SARS-CoV S glycoprotein is vulnerable to im- 
mune interventions for the prevention and treatment of SARS. 
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